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Atmospheric particulate matter (PM) can be scavenged by rainfall and contribute dissolved organic
matter (DOM) to rainwater. Rainwater may serve as a part or the whole of drinking water sources,
leading to the introduction of PM-derived DOM into drinking water. However, little information is
available on the role of PM-derived DOM as a remarkable precursor of CX3R-type disinfection byproducts (DBPs) in rainwater. In this study, samples were collected from ten occurrences of rainfall in
Shanghai and batch experiments were executed to explore the contribution of PM-derived DOM to CX3Rtype DBP formation in rainwater and to further understand some of unknowns regarding its characteristics. Results revealed that a part of PM was scavenged by rainfall and the scavenge performance was
better for smaller PM. The formation potentials (FPs) of individual CX3R-type DBP were similar among
size-isolated PM. TCM was predominant (around 0.5e4.5 mg-C/mg-C) and TCAA was the secondary
(around 0.6e3.2 mg-C/mg-C) among all detectable CX3R-type DBPs. Based on the PM removal data and
DBP FP results, the contribution of PM-derived DOM to CX3R-type DBP formation in rainwater was
modeled. Furthermore, aromatic proteins and soluble microbial product-like compounds were found to
be signiﬁcant compositions, which were reported to be DBP precursors. And low molecular weight (<
10 kDa) DOM derived from total PM and rainwater exhibited higher CX3R-type DBP FPs. DOM fractions
with higher SUVA254 and SUVA285 values gave relatively higher yields of CX3R-type DBPs, indicating that
aromatic compounds played an important role in DBP formation.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
Industrial development and population expansion exacerbate
water scarcity and pollution (Liu and Diamond, 2005). Industrial
and municipal waste water discharges and fertilizer, pesticide and
manure run-offs intensify pollution of surface water and depletion
of ground water (Bao et al., 2012). With increasingly severe pollution of drinking water sources, rainwater has already served as an
alternative water source for potable use in some regions through
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active rainwater harvesting practice to produce potable water for a
single family or community (Gdumit Gomez and Teixeira, 2017) and
direct potable reuse that treats collected storm water in a large
scale treatment facility for the production of drinking water (Lee
et al., 2017). Rainwater is expected to play a more important role
in acting as the feedstock for drinking water.
Air pollution has remained another worldwide environmental
issue over the past decades (Dominici et al., 2014). The World
Health Organization estimated that approximately 7 million premature deaths were associated with air pollution in 2012 (Lim et al.,
2012). Among different air pollution occurrences, appalling haze is
a major concern (Zong et al., 2015; Sun et al., 2016) since it poses
serious problems to public health due to the presence of toxic and
harmful chemicals in particulate matter (PM) (Davidson et al.,
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2005; Lakey et al., 2016). Particularly, organic matter in haze is
abundant in PM2.5 and PM10 (the particulate with aerodynamic
diameter less than 2.5 mm and 10 mm, respectively) as two representative inhalable PM analogues (Jacobson et al., 2000). However,
the information regarding the impacts of PM-derived organic
matter on the quality of drinking water remains limited.
Particles in the atmosphere can serve as cloud condensation
nuclei and be scavenged by rainfall (Lei and Wania, 2004). Rainfall
as an important wet deposition mechanism plays a vital role in the
removal of these particles from the atmosphere. Organic carbon has
been acknowledged as a primary element in the PM, followed by
organic nitrogen, such as amine and amino acids (Cape et al., 2011;
Song et al., 2017), many of which are water-soluble. The watersoluble fractions can contribute dissolved organic matter (DOM)
to rainwater and may enter into potable water sources through
rainwater harvesting. It is worth noting that PM-derived DOM
scavenged by rainwater may not be effectively removed through
conventional treatment processes in drinking water treatment
plants, similar to DOM originally present in water sources (Chu
et al., 2011a). Therefore, there is ample opportunity for contact
between atmospheric DOM and disinfectants during disinfection. A
key question is whether undesirable disinfection by-products
(DBPs) can be formed as a result of the presence of PM-derived
DOM during the drinking water disinfection process using chlorine to prevent people from being infected by pathogenic microorganism (LeChevallier et al., 1988; Bois et al., 1997). And the
contribution of total PM-derived DOM scavenged by rainfall to
CX3R-type DBP formation in rainwater is necessary to be estimated.
It has been demonstrated that genomic DNA and cellular damages are associated with a long-term ingestion of water rich in DBPs
(Boorman, 1999; Richardson et al., 2007). Trihalomethanes (THMs),
haloacetic acids (HAAs) and haloaldehydes (HALs) are the carbonaceous DBPs (C-DBPs) frequently identiﬁed in ﬁnished water
(Krasner et al., 2006; Koudjonou et al., 2008; Goslan et al., 2009).
Strict regulatory guidelines about these DBPs have been established
by the US Environmental Protection Agency (USEPA, 2006), World
Health Organization (WHO, 2006) and European Union
(Cortvriend, 2008). Among all the DBPs, nitrogenous DBPs (NDBPs), including haloacetonitriles (HANs), halonitromethanes
(HNMs) and haloacetamides (HAMs), have increasingly attracted
attention, because they exhibit several orders of magnitude higher
cyto- and genotoxicity than the regulated DBPs, even at much
lower concentrations during disinfection (Plewa et al., 2004; Mark
et al., 2007; Plewa et al., 2008). Although new DBPs with higher
toxicities have been identiﬁed recently, such as iodinated species
(Jones et al., 2011), the particular concerns remain on the aforementioned six classes of DBPs (THMs, HAAs, HALs, HANs, HNMs
and HAMs), which share the similar “CX3R” structure, owing to
their higher concentration levels (Krasner et al., 2006; Koudjonou
et al., 2008; Goslan et al., 2009; Hu et al., 2010; Chu et al., 2013;
Bond et al., 2015). The structural similarities of the six classes of
DBPs examined are illustrated in Fig. 1.
The objective of this study was to explore the contribution of
PM-derived DOM to the formation of CX3R-type DBPs in rainwater
during chlorination, with emphasis on 1) removal rate of PM during
rainfall and dissolved organic carbon (DOC) derived from per mass
of PM, 2) CX3R-type DBP (THMs, HAAs, HALs, HANs, HNMs and
HAMs) formation potentials (FPs) of DOM derived from sizeisolated PM and rainwater and fractions of CX3R-type DBP formation in absorbable organic halogen (AOX) formation, 3) the
contribution of CX3R-type DBPs formed from total PM-derived
DOM to rainwater DBP formation, and 4) some of unknowns
regarding the characteristics of DOM derived from PM, including
spectroscopic characteristics and molecular weight (MW) distribution. To the authors’ knowledge, this study represents the ﬁrst

Fig. 1. The structure of CX3R-type DBPs. (Iodinated CX3R-type DBPs were not
measured in experiments.)

scientiﬁc effort to determine atmospheric PM-derived DOM
contribution to CX3R-type DBP formation in rainwater.
2. Materials and methods
2.1. Reagents and materials
DBP standard solutions including THMs, HAAs, HALs, HANs,
HNMs and HAMs were purchased from Supelco (St LOUIS, Missouri,
USA). Sodium hypochlorite (NaOCl), phosphate buffer salts, sodium
nitrate and nitric acid (HNO3) were obtained from Sinopharm
Chemical Reagent Co. (Shanghai, China). Other information is
available in Supplementary Material.
2.2. Experimental procedures
2.2.1. Sampling
PM2.5, PM10 and total PM samples were collected simultaneously pre- and post-rainfall in Shanghai. Average PM2.5 and PM10
concentrations in Shanghai in 2017 were 39 mg/m3 and 55 mg/m3,
respectively
(http://www.sepb.gov.cn/fa/cms/shhj/index.htm).
Three PM samplers were mounted on the roof of the Mingjing
Building in the campus of Tongji University (Yangpu, Shanghai,
China). A road with moderate trafﬁc is 50 m to the west of the
building. Size-isolated PM samples were collected following the
Chinese Environment Protection Agency standard collection
method (HJ618-2011) using environmental particle samplers (ZR3920C, Junray, Qingdao). Concentrations of PM2.5, PM10 and total
PM pre- and post-rainfall were calculated as Eq. (1):

Cðmg=m3 Þ ¼

MPM ðmgÞ
Vair ðm3 Þ

¼

M2 M1 ðmgÞ
Vair ðm3 Þ

¼

DMðmgÞ
Vair ðm3 Þ

(1)

where MPM (DM) is the mass of corresponding PM as the difference
between the masses of air sampling membrane measured after
(M2) and before (M1) collection. Vair is the volume of sampled air.
Rainwater samples were harvested nearby the PM sampling site
without the impact of terrestrial-derived organic matter. Detailed
sampling information about size-isolated PM and rainfall including
sampling date, DM, concentrations of PM pre- (C0) and post-rainfall
(C1), the volume of the rainfall and removal rate of PM is presented
in Table S1.
In the study, DBP FP tests were performed in ten occurrences of
rainfall. Each group included four different water types (a rainwater
sample and DOM solutions derived from PM2.5, PM10 and total PM
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collected pre-rainfall). Size-isolated PM-derived DOM solutions
were prepared as follows. Size-isolated particles were collected
pre-rainfall and retained on the quartz microﬁber ﬁlters
(1851e090, Whatman, England). The ﬁlters were rinsed with ultrapure water three times, and then all the solutions containing
isolated particles were transferred into the corresponding beakers.
Additional ultrapure water was further added into the beaker until
its solution volume reached 1 L. Solution was then rapidly mixed
(150 rmp) through a magnetic stirrer to ensure a complete mixing
state. Mixing proceeded for 24 h to guarantee sufﬁcient dissolution
of PM-derived DOM. Size-isolated PM-derived DOM solutions as
well as rainwater were ﬁltered through 0.45-mm glass ﬁber ﬁlters
and stored in the dark at 4  C until use. The storage time of all solutions was no longer than 3 days. Characteristics of DOM solutions
derived from size-isolated PM and rainwater are presented in
Table 1.
2.2.2. DBP formation potential tests and absorbable organic
halogen formation
DBP FP tests were performed in 40 mL amber glass volumetric
bottles under headspace-free conditions in the dark at controlled
room temperature (25.0 ± 0.5  C), based on the procedure reported
in previous studies (Krasner et al., 2004; Chu et al., 2013). Chlorine
dose was calculated as follow: Cl2 dose ¼ 3  DOC mg/L þ 7.6  NH3
mg/L þ 10 mg/L (Krasner et al., 2007). AOX was measured by an
AOX Analyzer (multi X® 2500 AOX Analyzer, analytikjena, Germany). 200 mL water samples were chlorinated for 24 h and
enriched by adsorption of two activated carbon columns. 849.9 mg/
L (10 m mol/L) NaNO3 was dissolved into 1 mg/L HNO3 solution,
which was used to remove residual Cl in the activated carbon
columns. Thereafter, the columns were moved to a quartz sample
boat and then introduced into a furnace combusted in the existence
of oxygen. AOX concentration was expressed as equivalent Cl
concentration (mg/L Cl).
2.2.3. Spectroscopic characteristics and molecular weight
distribution of DOM derived from size-isolated PM and rainwater
Speciﬁc UV absorbance at 254 nm (SUVA254) and 285 nm
(SUVA285) were measured using a UVevis spectrophotometer
(UVe9000S, Metash Instrument, Shanghai). SUVA254 and SUVA285
were commonly measured for aromaticity, which were calculated
by dividing the UV absorbance at 254 nm and 285 nm by solution
DOC, respectively. Particularly, SUVA285 serves as an indicator of
benzene carboxylic acids and phenols (Bufﬂe et al., 1982; Krasner
et al., 1996). Three-dimensional spectroﬂuorometry (F-7100 Fluorescence, HITACHI, Japan) was used to monitor ﬂuorescent DOM.
Fluorescence scans (lex: 200e450 nm; lem: 220e550 nm) was
performed with 5 nm slits for excitation and emission. Fluorescence excitation-emission matrix (EEM) spectra, used to characterize DOM derived from size-isolated PM and rainwater, was
divided into ﬁve regions (I: tyrosine-like; II: tryptophan-like; III:
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fulvic acid-like; IV: soluble microbial product-like (SMP-like); V:
humic acid-like) (Chen et al., 2003; Zhou et al., 2013). Fluorescence
index (FI) is an index to differentiate microbial and terrestrial origins, calculated as the ratio of ﬂuorescence intensities at emission
470 nm and 520 nm, at excitation 370 nm (Cory and McKnight,
2005). As an indicator of humic substances, humiﬁcation index
(HIX) was calculated by the area under the emission spectra
435e480 nm divided by the sum of peak areas 300e345 and
435e480 nm, at 254 nm excitation wavelength (Ohno, 2002). The
freshness index (b/a), an index to evaluate contribution of
microbial-derived DOM to water samples, was calculated by
dividing emission at 380 nm by the maximum emission between
420 nm and 435 nm at 310 nm excitation wavelength (Wilson and
Xenopoulos, 2008). Solution DOC was diluted to 1 mg/L prior to
analysis.
DOM derived from total PM and rainwater was fractionated into
ﬁve different MW groups (< 1 kDa, 1e5 kDa, 5e10 kDa, 10e100 kDa
and > 100 kDa) using a 400-mL stirred cell (Millipore US) with
Millipore ultraﬁltration membranes (Amicon, Billerica, MA) with
MW cut-offs of 1 kDa, 5 kDa, 10 kDa and 100 kDa, respectively. The
MW fractionation procedure was reported in a previous study (Hua
and Reckhow, 2007). DBP FP tests were carried out for each MW
group.
2.3. Analytical methods
DOC and total dissolved nitrogen (TDN) were measured separately using a TOC analyzer (Shimadzu TOC-VCPH, Japan). The
detection limits of DOC and TDN are 0.1 mg/L. Concentrations of

different dissolved inorganic nitrogen (DIN) species (i.e. NHþ
4 , NO2

and NO3 ) were measured using their respective HACH test kits with
a UVevis spectrophotometer (HACH DR6000). The detection limits


of NHþ
4 , NO2 and NO3 are 0.02 mg/L, 0.002 mg/L and 0.1 mg/L,
respectively. Dissolved organic nitrogen (DON) is the difference
between TDN and DIN. THMs (including trichloromethane (TCM),
bromodichloromethane, chlorodibromomethane and tribromomethane), HANs (including trichloroacetonitrile, dichloroacetonitrile
(DCAN)
and
bromochloroacetonitrile),
HNMs
(trichloronitromethane (TCNM)) and HAMs (including dichloroacetamide (DCAM), bromochloroacetamide, trichloroacetamide
(TCAM) and dibromoacetamide) were detected using gas chromatography/electron capture detection (GC/ECD, QP2010plus, Shimadzu Corporation, Japan). HAAs (including chloroacetic acid,
bromoacetic acid, dichloroacetic acid (DCAA), dibromoacetic acid
and trichloroacetic acid (TCAA)), HALs (trichloroacetaldehyde (CH),
bromochloroacetaldehyde, bromodichloroacetaldehyde, dibromochloroacetaldehyde and tribromoacetaldhyde) were measured
with a gas chromatography/mass spectrometer (GCMS-QP2020,
Shimadzu Corporation, Japan). THMs, HALs, HANs and HNMs were
measured based on USEPA method 551.1. HAAs were analyzed according to USEPA method 552.2. HAMs were measured based on

Table 1
Characteristics of DOM solutions derived from size-isolated PM and rainwater (n ¼ 10).
Sample category

PM2.5-derived DOM solutions

PM10-derived DOM solutions

Total PM-derived DOM solutions

Rainwater

DOC (mg-C/L)
DON (mg-N/L)
NH3eN (mg/L)
NO
2 -N (mg/L)
NO
3 -N (mg/L)
SUVA254 (L mg-C1 m1)
SUVA285 (L mg-C1 m1)
FI
HIX
b/a

1.64 ± 1.30
0.25 ± 0.19
0.03 ± 0.02
0.003 ± 0.001
0.4 ± 0.2
0.97 ± 0.64
1.06 ± 0.77
2.06 ± 0.21
0.31 ± 0.03
0.88 ± 0.03

1.82 ± 1.08
0.28 ± 0.23
0.06 ± 0.01
0.004 ± 0.001
0.5 ± 0.1
0.74 ± 0.30
0.85 ± 0.45
2.11 ± 0.16
0.45 ± 0.10
0.89 ± 0.04

1.90 ± 1.02
0.22 ± 0.18
0.12 ± 0.02
0.003 ± 0.001
0.5 ± 0.2
0.75 ± 0.36
0.79 ± 0.55
1.98 ± 0.18
0.53 ± 0.08
0.93 ± 0.02

3.46 ± 1.26
1.66 ± 0.89
0.88 ± 0.48
0.006 ± 0.002
0.7 ± 0.1
0.54 ± 0.40
0.78 ± 0.51
1.86 ± 0.17
0.44 ± 0.07
0.69 ± 0.06
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the analytical method reported by a previous study (Chu et al.,
2010). Other detailed information on the analytical methods of
these DBPs is summarized in Table S2.
3. Results and discussion
3.1. PM removal by rainfall and DOC derived from size-isolated PM
PM removal rate by rainfall and DOC derived from per mass of
PM are presented in Fig. 2(a) and (b), respectively. The removal rate
of PM was calculated as Eq. (2):

PM removal rate ð%Þ ¼

C0 C1 ðmg=m3 Þ
C0 ðmg=m3 Þ

 100%

(2)

where C0 and C1 are the PM concentrations measured pre- and
post-rainfall, respectively.
Concentrations of all size-isolated PM (including PM2.5, PM10
and total PM) were evidently decreased post-rainfall (Fig. 2(a) and
Table S1), implying that a portion of PM was scavenged by rainwater. The washout effect of rainfall on atmospheric PM was also
reported previously (Guo et al., 2014). On the average, the removal
rate of PM2.5 was 52.4%, slightly greater than that of PM with larger
size. Little difference was observed between the removal rates of
PM10 and total PM (37.0% ± 11.6% for PM10 and 32.5% ± 15.8% for
total PM).
DOC derived from per mass of size-isolated PM (refers to as B
(mg-C/mg-PM)) was calculated as Eq. (3):

B ðmg  C=mg  PMÞ ¼

DOCðmg  C=LÞ  1L
MPM ðmgÞ

(3)

As shown in Fig. 2(b) and Table 1, PM-derived organic compounds were capable to contribute DOM to water. The minimum,
10th, 25th, 50th, 75th, 90th percentiles and maximum B value (DOC
derived from per mass of PM) of PM2.5 were higher than the corresponding values of larger PM. This ﬁnding is in agreement with
an existing literature which also reported that the percentage of
water-soluble particulate organic matter in smaller PM was relatively higher than that in larger size (Timonen et al., 2008). Moreover, the values of B for PM10 and total PM were not signiﬁcantly
different (0.40 ± 0.18 mg-C/mg-PM for PM10 and 0.37 ± 0.17 mg-C/
mg-PM for total PM, respectively).
3.2. Characteristics of DOM derived from size-isolated PM and
rainwater
Fluorescence EEM spectra together with FI, HIX and the ratio of

b/a was performed to investigate the characteristics of DOM

derived from size-isolated PM and rainwater. Results are shown in
Fig. 3 and Table 1, respectively. DOM derived from size-isolated PM
(Fig. 3(a)-(c)) and rainwater (Fig. 3(d)) showed the most intense
peak at Ex/Em of 230/330 nm in the regions of aromatic proteins
(lex < 250 nm, lem < 380 nm) and the second-highest peak was
observed at Ex/Em of 280/330 nm in SMP-like region (lex > 250 nm,
lem < 380 nm). FI, as an index corresponding to the source of DOM,
was 1.8 or even higher, indicating that DOM in these solutions was
microbial, rather than terrestrial (for which FI value is about 1.4),
based on a previous study (McKnight et al., 2001). Additionally, HIX
for all solutions was lower than 0.5, while much higher HIX values
(10e30) were observed in surface water in a previous study
(Birdwell and Engel, 2010). The ratio of b/a, a parameter to evaluate
the contribution of SMP-like compounds, was higher than 0.6 in all
DOM solutions (Table 1), a threshold value reported in literature
(Huguet et al., 2009), indicating that the containment of biological
materials was in signiﬁcant quantities. Compared to rainwater, lake
water and river water showed much lower FI and b/a values and
higher HIX values (Fuentes et al., 2006; Birdwell and Engel, 2010),
indicating that humic acid-like compounds were their main
compositions.

3.3. CX3R-type DBP formation from DOM derived from size-isolated
PM and rainwater
Fig. 4(a)e(f) and (g)-(h) display the results of CX3R-type DBP
formation from size-isolated PM and rainwater, respectively,
expressed as speciﬁc CX3R-type DBP FPs normalized to DOC.
Particularly, R (mg-C/mg-C) refers to as the value for PM, which was
calculated as Eq. (4):

R ðmg  C=mg  CÞ ¼

DBP FPðmg  C=LÞ
DOCðmg  C=LÞ

(4)

As shown in Fig. 4, TCM, TCAA, CH, DCAN, TCNM and DCAM
were detectable in all water samples. DCAA and TCAM FPs are not
shown because of the low yields, ranging from ND (not detected) to
10.0 mg/L (1.9 mg-C/mg-C) and to 0.3 mg/L (0.04 mg-C/mg-C),
respectively. Moreover, other chlorinated and brominated CX3Rtype DBPs were not detectable during chlorination. For individual
CX3R-type DBP, FPs normalized to DOC in solutions derived from
PM2.5, PM10 and total PM were not evidently different (Fig. 4(a)-(f)).
Under identical condition, higher C-DBP FPs (i.e., TCM and TCAA)
than those of N-DBPs ( DCAN, TCNM and DCAM) were observed in
both DOM solutions derived from PM and rainwater. Among all
CX3R-type DBPs, TCM FP was the highest, indicating that TCM was
the main CX3R-type DBP during rainwater disinfection and TCM
precursors were also abundant in PM-derived DOM solutions. NDBP formation was relevant to DON level (Bond et al., 2012), so N-

Fig. 2. (a) PM removal rate and (b) DOC derived from per mass of PM (refers to as B (mg-C/mg-PM)). PM removal rate and B were calculated based on Eqs. (2) and (3), respectively.
The boxplots show the minimum, 10th, 25th, 50th, 75th, 90th percentiles, and maximum of the data (n ¼ 10).
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Fig. 3. Fluorescence EEM spectra of DOM derived from (a) PM2.5; (b) PM10; (c) Total PM; (d) Rainwater. Solution DOC was adjusted to 1 mg/L. EEM spectra was divided into ﬁve
regions.

Fig. 4. Speciﬁc CX3R-type DBP FPs: (a) TCM; (b) TCAA; (c) CH; (d) DCAN; (e) TCNM; (f) DCAM for PM-derived DOM and (g) C-DBPs; (h) N-DBPs for rainwater DOM during
chlorination. R was calculated based on Eq. (4). The boxplots show the minimum, 10th, 25th, 50th, 75th, 90th percentiles, and maximum of the data (n ¼ 10). Experimental conditions:
Cl2 dose ¼ 3  DOC mg/L þ 7.6  NH3 mg/L þ10 mg/L; pH ¼ 7.0 ± 0.2; T ¼ 25.0 ± 0.5  C.
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DBP FPs normalized to DON was also analyzed ( Fig. S1), which was
calculated by dividing the formation of N-DBPs by solution DON.
The corresponding values for size-isolated PM were also similar. As
stated in section 3.2, DOM derived from PM and rainwater
comprised aromatic proteins and SMP-like compounds, which have
been reported to be DBP precursors in previous studies (Chu et al.,
2010, 2011b; Shah and Mitch, 2012). Therefore, they could also be
important DBP precursors in DOM solutions derived from PM and
rainwater.
Apart from CX3R-type DBPs, the formation of unidentiﬁed DBPs
was also evaluated. AOX serving as an alternative DBP measurement characterizes the incorporation of halogen into organic
matter. Unidentiﬁed DBP formation (UAOX) is the difference between AOX and CX3R-type DBP formation. Fractions of UAOX in the
AOX formation and individual DBP FP in the total CX3R-type DBP
FPs are shown in Fig. 5. Evidently, the identiﬁed CX3R-type DBP
formation of DOM derived from PM and rainwater accounted for
53.3%e71.3% of AOX, indicating that they were the major DBPs.
Among CX3R-type DBPs, TCM (51.6%e73.3%) was predominant and
TCAA (10.0%e27.2%) was secondary. As for drinking water, the
percentage of identiﬁed CX3R-type DBPs could be lower than half
but TCM and TCAA were also the dominant DBPs (Richardson,
2003; Krasner et al., 2006). The fractions of total N-DBP FPs

(DCAN, TCNM, DCAM) were low in all solutions, ranged from 8.0%
to 14.7%.
3.4. Molecular weight distribution of DOM derived from total PM
and rainwater
DOM derived from total PM and rainwater was fractioned into
ﬁve MW groups: < 1 kDa, 1e5 kDa, 5e10 kDa, 10e100 kDa and >
100 kDa. Table S3 presents the relative DOC percentage of each MW
group. For DOM derived from total PM and rainwater, < 1 kDa
fraction contributed to 46.0% and 34.0% DOC, respectively, relatively higher than the percentages of other fractions. Generally,
DOM with MW < 10 kDa was considered to be the low MW organic
matter due to their lower removal rate by enhanced coagulation
(Liu et al., 2012). Low MW DOM accounted for 68.6% and 60.1% DOC
in DOM solutions derived from total PM and rainwater, respectively.
DOM with low MW was also the dominant fraction in surface water
reported previously (Kitis et al., 2002; Hua and Reckhow, 2007).
With poor removal rate, low MW DOM derived from PM and
rainwater was capable to react with chlorine to form DBPs.
CX3R-type DBP formation and SUVA254 and SUVA285 values of
low and high MW DOM derived from total PM and rainwater are
shown in Fig. 6. Detailed information about CX3R-type DBP

Fig. 5. Fractions of UAOX in the AOX formation and individual DBP FP in the total CX3R-type DBP FPs (a) PM2.5; (b) PM10; (c) Total PM; (d) Rainwater.
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Fig. 6. The percentage of CX3R-type DBPs and speciﬁc UV absorbance of low (< 10 kDa) and high (> 10 kDa) MW DOM derived from (a) and (c) Total PM; (b) and (d) Rainwater.

formation from different MW DOM fractions is shown in Fig. S2. As
shown in Fig. 6(a)-(b), CX3R-type DBPs formed from low MW PMderived DOM was much higher than that from high MW DOM. For
rainwater, low MW DOM exhibited higher formation reactivity for
most CX3R-type DBPs but high MW DOM was also signiﬁcant,
especially for DCAN and TCNM. As shown in Fig. S2, 1e5 kDa and
5e10 kDa DOM fractions derived from total PM exhibited higher
CX3R-type DBP FPs and DBP formation reactivity of high MW DOM
was relatively lower. In contrast, rainwater DOM with high MW
(i.e., > 100 kDa) exhibited relative higher formation reactivity for
some CX3R-type DBPs (i.e., TCM, TCAA, DCAN, TCNM).
As shown in Fig. 6(c)-(d), SUVA254 and SUVA285 were analyzed
to indicate the relative content of aromatic compounds in low and
high MW DOM fractions. Particularly, SUVA285 serves as an indicator of benzene carboxylic acids and phenols (Bufﬂe et al., 1982;
Krasner et al., 1996). For total PM-derived DOM, both SUVA254 and
SUVA285 values for low MW DOM were higher than those of high
MW fraction, indicating that aromatic DOM, such as aromatic
proteins, benzene carboxylic acids and phenols major distributed in
low MW fraction. However, as for rainwater DOM, SUVA254 value
for high MW DOM was higher and SUVA285 values were basically
the same. Different distribution of aromatic compounds may result
in different reactivity of low and high MW DOM in CX3R-type DBP
formation for these compounds were reported to be DBP precursors (Shah and Mitch, 2012; Chu et al., 2015, 2016).
Detailed information on speciﬁc UV absorbance of different MW
DOM fractions is shown in Fig. S3. The results also indicated the
signiﬁcant role of aromatic compounds played in CX3R-type DBP
formation. As shown in Fig. S3, with higher SUVA254 and SUVA285
values, 1e5 kDa and 5e10 kDa DOM fractions derived from total PM
and > 100 kDa rainwater DOM gave the relatively higher yields of
most CX3R-type DBPs. However, < 1 kDa DOM fraction with the

lowest SUVA254 and SUVA285 values exhibited lower reactivity for
the formation of almost all CX3R-type DBPs but CH.
3.5. Contribution of PM-derived DOM to CX3R-type DBP formation
in rainwater
The contribution of PM-derived DOM to CX3R-type DBP formation in rainwater (A) was calculated by dividing DBP formation
from PM-derived DOM scavenged by rainfall with which formed in
rainwater as Eq. (5):

A ð%Þ ¼

ðC0  C1 Þ=1000  H  S  Btotal
crain  Vrain

PM =Vrain

 Rtotal

PM

 100%
(5)
where C0 and C1 are the concentrations of total PM (mg/m3)
measured pre- and post-rainfall, respectively, which were calculated by Eq. (1); H is the height of mixing layer (m); S as the area of
rainwater sampler (m2) is 0.09 m2; Btotal PM is the DOC derived from
total PM dissolved in 1 L water (mg-C/mg-PM); Rtotal PM is the
speciﬁc CX3R-type DBP FP normalized to DOC (mg-C/mg-C); crain is
the concentration of speciﬁc CX3R-type DBP measured in rainwater
sample (mg-C/L); and Vrain is the volume of collected rainwater (L).
The major volume of particle dispersion is determined by the
height of mixing layer, adjacent to the ground and inﬂuenced primarily by pollutants emission (Wang and Wang, 2014). PM suspended in the mixing layer above the rainwater samplers could be
incorporated into the collected rainwater during rainfall. Convection and mechanical turbulence are capable to make the pollutants
dispersed uniformly over sufﬁcient time in this layer (Seibert et al.,
2000), so assuming that total PM in mixing layer is evenly
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distributed due to little atmospheric information on vertical resolution of particles under diverse weather conditions. A previous
survey of Shanghai reported that the height of atmospheric mixing
layer (H) ranged from 200 m to 1000 m (Huang et al., 2012), so
assuming that H value in the calculation ranges from 200 to 1000 .
The top and bottom values of each column were calculated when H
values were 200 and 1000, respectively.
The modeled contribution of PM to rainwater CX3R-type DBP
formation during chlorination is shown in Fig. 7. Results indicated
that PM-derived DOM might fairly contribute to the formation of
several CX3R-type DBPs during rainwater chlorination although the
estimated contributions of PM-derived DOM to TCM and CH formation in rainwater were minor. To sum up, almost 80% or even
more DBP formation from rainwater originated from non-PM
derived DOM, but the contribution (less than 20%) of atmospheric
PM to DBP formation could not be neglected. In the atmosphere,
although volatile and semivolatile organic compounds, sources of
non-PM derived DOM, can reduce volatility and partition into
particle phase through complex reactions (Kroll and Seinfeld,
2008), many of them remain in non-PM phase (Donahue et al.,
2006). Non-PM derived DOM may also dissolve in rainwater and
convert to DBP precursors during disinfection.
Above mixing layer boundary, PM may also present (Ferrero
et al., 2010), but it was not involved in this calculation. Therefore,
the contribution of PM to CX3R-type DBP formation in rainwater
was underestimated to some degree. Actually, the contribution of
DOM derived from PM2.5 and PM10 to DBP formation in rainwater
can also be calculated as Eq. (5). The result indicated that PM2.5
contributed to the most DBP formation.
According to the report of global air in 2015, North Africa and
the Middle East have witnessed the highest concentrations of
population-weighted average PM2.5 (Institute for Health Metrics
and Evaluation and Health Effects Institute, 2017). Moreover,
China is the one of the countries experiencing high level and
increasing trend in PM2.5. Air quality comprehensive index and
average PM concentration of Shanghai ranked in the middle
compared to other cities according to the reports on the state of the
environment in China published by Ministry of Environmental
Protection (http://www.english.mep.gov.cn/Resource/Reports/soe/
). In Chengdu, Beijing and Xi'an, the concentrations of PM are
usually higher than those in Shanghai reported in previous studies
(Tao et al., 2013; Elser et al., 2016; Sun et al., 2016). In these heavy
PM-polluted areas, more PM-derived organic matter can convert
into rainwater DOM through rainfall, resulting in the increasing
contribution of PM to the formation of CX3R-type DBPs in
rainwater.

Fig. 7. Contribution of total PM-derived DOM to CX3R-type DBP formation in rainwater
during chlorination (refers as to A (%)). A was calculated based on Eq. (5). The lowest/
highest values were calculated by setting 200 m/1000 m as the mixing layer height.

4. Conclusion
 Rainwater could scavenge atmospheric PM and PM was capable
to contribute DOM to rainwater. Smaller PM (PM2.5) contained
more DOC than larger one.
 Individual CX3R-type DBP FPs normalized to DOC in DOM solutions derived from PM2.5, PM10 and total PM were quite
similar. Among CX3R-type DBPs, TCM (around 0.5e4.5 mg-C/mgC, 51.6e73.3%) was predominant and TCAA (around 0.6e3.2 mgC/mg-C, 10.0%e27.2%) was secondary. CX3R-type DBPs in DOM
solutions derived from PM and rainwater accounted for over half
of AOX.
 The contribution of PM-derived DOM to some CX3R-type DBP
formation during chlorination of rainwater could not be
neglected (i.e., 4.3%e21.3% for TCAA, 3.2%e15.9% for DCAN,
3.8%e19.0% for TCNM and 3.8%e18.9% for DCAM). PM2.5
contributed to the most DBP formation in rainwater.
 Low MW DOM derived from total PM and rainwater exhibited
higher formation reactivity of CX3R-type DBPs than that of high
MW DOM. DOM fractions with higher SUVA254 and SUVA285
values gave relatively higher yields of almost all CX3R-type
DBPs, indicating that aromatic compounds (i.e., aromatic proteins, benzene carboxylic acids and phenols) are deduced to be
important precursors of CX3R-type DBPs.
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